Auxin is a key hormone performing a wealth of functions throughout the plant life 16 cycle. It acts largely by regulating genes at the transcriptional level through a family of 17 transcription factors (TF) called auxin response factors (ARF). Even if all ARF 18 monomers analysed so far bind a similar DNA sequence, there is evidence that ARFs 19 differ in their target genomic regions and regulated genes. Here we use position weight 20 matrices (PWM) to model ARF DNA binding specificity based on published DNA 21 affinity purification sequencing (DAP-seq) data. We find that the genome binding of 22 two ARFs (ARF2 and ARF5/Monopteros/MP) differ largely because these two factors 23 have different preferred ARF binding site (ARFbs) arrangements (orientation and 24 spacing). We illustrate why PWMs are more versatile to reliably identify ARFbs than 25 the widely used consensus sequences and demonstrate their power with biochemical 26
configurations that are over-represented in auxin up-regulated genes, thus deciphering 29 the ARFbs syntax functional for regulation. This provides a general method to exploit 30 the potential of genome-wide DNA binding assays and decode gene regulation. affinity measurements of interaction between ARF DBD (for ARF1 and MP) and a few 71 ER cis-elements, it was proposed that ARFs differ by the type of ER configuration they 72 prefer: the ARF1 repressor has a much narrower range of preferences than the MP 73 activator (this was called the molecular caliper model) (Boer et al., 2014) . However, 74 this model was established using isolated ARF DBD lacking the PB1 domain and did 75 not include interaction with DR and IR ARFbs configurations. captures the base preference at each position of the motif. PWMs give a score to any 92 DNA sequence with zero for the optimal sequence and more negative scores as the 93 sequence diverges from the optimum. The PWM score is then a quantitative value 94 directly related to the affinity of the DNA molecule for the protein (Berg and von 95
Hippel, 1987). Using PWMs, we establish differences between ARF2 and MP and show 96 that they reliably identify a binding site syntax explaining their specificity. We further illustrate the predictivity of PWM as compared to consensus using binding assays and 98 identify ARFbs configurations enriched in promoters of genes regulated by auxin. 99
RESULTS

100
ARF2 and MP have similar DNA binding sites but bind different genome regions 101
Using the published DAP-seq data (O'Malley et al., 2016), we first compared the sets 102 of genomic regions bound by ARF2 and MP. Two regions were considered bound by 103 both factors when they overlapped by at least 50% (see Methods). As expected for two 104 TFs from the same family, there is a significant overlap and many regions are bound 105 by both factors ( Figure 1A) . However, the large number of regions specifically bound 106 by only one of them indicates a clear difference between ARF2 and MP DNA binding 107 preferences ( Figure 1A ). This remains true even when focusing on regions bound with 108 the highest confidence (top 10%, see Methods) by each of the factors (Supplemental 109 Figure 1 ). We intended to explain these differences by characterizing ARF2 and MP 110 DNA binding specificity. The examination of the DNA motif logo derived from regions 111 recognized by ARF2 or MP monomers revealed only minor differences ( Figure 1C ). can be adequately used. We also wondered whether the small differences between 137 ARF2 and MP PWMs (as visible on their logos from Figure 1C ) could contribute to 138 their binding specificity. We thus tested the MP PWM on ARF2 regions and, 139
conversely, ARF2 PWM on MP regions. The performance is indeed slightly weaker 140
showing there is some specificity in the monomer PWM (Supplemental Figure 1) . 141
However, the very small difference suggests there must be other parameters explaining 142 ARF2 and MP different specificities. in their preferred ARFbs dimeric configurations (ER, DR or IR, Figure 2A ). We thus 146 analysed the distribution of spacings between ARFbs using PWM models. To do this, 147 a score threshold needs to be chosen above which transcription factor binding site 148 (TFBS) are considered. As this threshold cannot be experimentally determined, we 149 performed the analysis within a range of scores (from -8 to -13, -8 being of better 150 affinity than -13). We studied the overrepresentations of all dimer configurations (DR, 151 ER and IR) as compared to a negative set of regions. Overall, DR, ER and IR are more 152 frequent in the ARF bound regions than in the negative set ( Figure 2B Figure 2B ) suggests a periodicity of overrepresented distances every 10 bp, a 169 hypothesis we confirmed by extending the distance window, revealing this trend for 170 MP but not for ARF2 (Supplemental Figure 2B ). Modelling of DR5 and IR13 171 protein/DNA complexes structures based on ARF1 crystallographic data (PDB entry 172 4LDX) clearly illustrates that these configurations are incompatible with the 173 dimerization mode described for ER7 and could involve a different dimerization 174 interface ( Figure 2D ). 175
ARF2 and MP have different DNA binding syntax 176
We re-examined the Venn diagram from Figure 1A in the light of the identified 177 preferred configurations. We separated ARF2 and MP bound regions in three sets: 178 ARF2 specific, MP specific, ARF2/MP common regions. Because the two PWMs are 179 very similar, we used the ARF2 matrix and performed the same analysis as in Figure 2 could distinguish the three groups of regions. For ARF2-bound regions only, we found 188 an enrichment for nine long AT-rich motifs similar to the one shown in Figure 3B . 189
These motifs are found all along the bound regions (not shown). One example of 190 enrichment of such a motif is illustrated in Figure 3B .
We incorporated the ARF2 and MP specific features in new PWM-based models and 193 tested their prediction power using AUROC. The improvement is marginal for MP but 194 better for ARF2 ( Figure 4C , AUROC for monomeric ARF2bs = 0.69, for ER7/ER8 195 model = 0.74). To illustrate the fundamental differences between PWM and consensus, 196
we plotted the specificity (false positive rate) and sensitivity (true positive rate) 197 parameters on the PWM ROC curve (Figure 4 ). For the monomeric ARFbs models, the 198 TGTC consensus is poorly specific with almost 70% false positive rate. Conversely, 199 TGTCGG or TGTCTC perform correctly but leave no freedom in terms of sensitivity 200 and specificity: only the quantitative model allows to choose these parameters by 201 adjusting the score threshold. For ARF2 ER7/8 dimeric models, using any of the three 202 consensus is extremely stringent and detects very few sites in the positive set (at best 203 2.5% for TGTC) whereas the PWM model is again more versatile as it allows reaching 204 the desired specificity/sensitivity combination by adjusting the score threshold. Figure 5A ). This site is located at the centre of a DAP-seq peak for 214
MP and ARF2. We tested ARF binding to this particular ER8 element and tested the 215 impact of the consensus presence on binding to ARF. For this, we restored the TGTC 216 consensus for this non-canonical ER8 element and also created an artificial ER8 that 217 has both TGTC consensus but suboptimal bases in other positions according to the 218 PWM ( Figure 5B ). Strikingly, the optimised PWM score better predicts the binding 219 than the presence of the consensus sequence: we observed intense binding on the non-220 canonical ER8, only a slight improvement when the consensus is restored and no 221 binding on a consensus-bearing ER8 of low score ( Figure 5C ).
We next tested the PWM models on in vivo data. ChIP-seq data are available for ARF6 224 and ARF3 (Oh et al., 2014; Simonini et al., 2017). However, no obvious ARFbs could 225 be identified in any of these datasets. Testing ARFbs monomeric or dimeric models 226 yielded a very poor AUROC value (0.61 for ARF6 and 0.58 for ARF3) suggesting that 227 these data might not be adequate to evaluate our model. We also used the auxin 228 responsive genes datasets derived from a meta-analysis of 22 microarray data (see Next, we tested whether more information could be extracted from these promoters if 237 only the DNA segments bound by ARF in DAP-seq were analysed. We focused on 238 auxin-induced genes and regions bound by the MP activator ARF because the 239 mechanism of gene induction by auxin is well understood, while repression by auxin 240 and the role of repressor ARFs such as ARF2 is less clear. We therefore compared MP-241 bound regions present in regulated versus non-regulated promoters. We observed that 242 the over-representation of ER8 and IR13 is higher in auxin upregulated genes than in 243 non-regulated ones ( Figure 6A-B ). This is particularly striking for the high-confidence 244 auxin induced genes even if this list likely also contains indirect ARF targets ( Figure  245 6A). We tested MP binding to the IR13 probe and observed a strong and well-defined 246 MP/IR13 complex ( Figure 6C better AUROC values especially for ARF2. We have tried models that integrate the 276 DNA shape feature (Mathelier and Wasserman, 2013) but they did not significantly 277 improve the prediction power (data not shown). The newly identified sequences with 278 stretches of As and Ts ( Figure 3B) were not easy to integrate in improved models but 279 might affect the overall context of ARF2 binding sites and contribute to ARF2 specific 280 regions. This finding is reminiscent of the family of AT-rich motifs found as 281 configurations. Because this spacing corresponds to a DNA helix turn, we can imagine 304 that this configuration allows interaction between ARF proteins on the same side of the 305 DNA. 3D modelling using the published ARF1 structure indicates that these 306
interactions are unlikely to involve the same dimerization surface as for ARF1 (Figure  307 2D). The proximity of some ARF DD domains in 3D, combined with possible 308 flexibility of ARF DBD suggest that these proteins might have evolved different 309 dimerization modes with the same protein domain. Confirming this hypothesis will 310 await their structural characterisation. An alternative hypothesis is that the PB1 311 oligomerization domain contributes to stabilize the MP binding to preferred motifs but 312
this also remains to be tested. However, it should be also noted that a preference for 10-313 bp spaced binding sites does not necessarily implies the presence of protein-protein 314 contacts. Indeed, it has been shown that the binding of a first protein in the DNA major 315 groove favours the binding of a second one at a 10 bp distance through allosteric 316 changes in DNA conformation (Kim et al., 2013). This mechanism could also be at 317 work for ARF DNA binding.
It is interesting to note that ER7-8 is bound by both ARF2 and MP whereas some 319 configurations such as DR5 or IR13 are more specific to MP. If repressor ARFs act by 
ARF binding versus auxin regulation 334
The analysis of auxin-induced genes using PWM models identified only a small over-335 representation of ER8 (Supplemental Figure 4) , a motif shared by ARF2 and MP. As 336 we anticipated that ARFbs might be diluted in whole promoter sequences, we collected 337 the set of DNA regions present in promoters from auxin-induced genes that are also 338 bound by MP in DAP-seq and compared it to MP-bound promoter regions from non-339 auxin-regulated genes. This analysis confirmed the overrepresentation of ER8 in auxin-340 induced genes but also identified IR13 as enriched motifs ( Figure 6 ). IR13 is a novel 341 element, well bound by MP in vitro that now requires in planta characterization. It is 342 not enriched in ARF2-bound regions suggesting it will likely be insensitive to 343 competition by repressor ARF2. We also characterized auxin repressed gene. Whether 344 repression directly involves ARFs is not known. Promoter analysis did not reveal any 345 motif enrichment but the intersection with MP-bound regions showed ER18 and IR3 346 over-representation (Supplemental Figure 5) . Again, functional analysis of such motifs 347 in planta will be important in the future. We anticipate that the strategy we designed involved in regulation. DAP-seq is a powerful technique but it suffers from giving 351 access to DNA that might never be accessible in the cell. The combination with 352 differential expression studies (+/-a stimulation or +/-a TF activity) will be a powerful 353 way to narrow down the number of regions examined and extract functional regulatory 354 information. 355
METHODS 356
Bio-informatic analyses 357
The TAIR10 version of Arabidopsis genome was used throughout the analyses. The 
Analysis of ARFbs configurations 372
The absolute enrichment (A) for each type of configuration (DR, ER, IR) was calculated 373 as the ratio between the total number of sites in each configuration C in the bound set 374 of regions divided by the same number in the background set. Such calculations were 375 done for different score thresholds and normalized by the ratio between the total number 376 of monomeric sites (BS, with no threshold applied) in the foreground and in the 377 background to account for the different sequence sizes of the two sets. Smax stands for the 378 maximum spacing. To illustrate the enrichment of a few chosen motifs (DR4-15, ER7-8, IR0-13), we 389 identified all sequences displaying a potential binding site with a score higher than a -390 8 threshold. Next, we plotted the % of regions displaying a given motif in the Venn 391 diagram regions. The same was done for AT-rich motifs with a score threshold for each 392 AT-rich PWM of a score -10. 393
The ER7/ER8 PWM for ARF2 was built from the ARF2 monomer PWM. Both ARF2 394 bound and unbound sets of regions were scanned with these two PWM and the best 395 score given to each region by either ER7 or ER8 was used to plot the ROC curve. For 396 the analysis of specificity and sensitivity of TGTC-containing consensus sequences, we 397 analysed each region for the presence or absence of ER7 or ER8 consensus (TGTCNN-398 7/8N-NNGACA, TGTCGG-7/8N-CCGACA, TGTCTC-7/8N-GAGACA). A region 399 was scored positive when containing at least one site. 400
For the analysis of auxin regulated promoters, we used 1500 bp upstream of the first 401 exon of each gene. All DAP-seq regions overlapping with the promoters were then 402 selected for analyses.
The major scripts used are available on github: https://github.com/Bioinfo-LPCV-RDF. 404
The frequency matrices used to infer PWM can be downloaded on 405 https://github.com/Bioinfo-LPCV-RDF/Scores. 406 407 Selection of auxin regulated genes 408
We selected auxin regulated genes over twenty-two publicly available gene expression 409 profiling datasets from the GEO database (Supplemental File 1). The datasets were 410 generated on seedlings or roots of A. thaliana with different auxin concentrations and 411 
437
Electrophoretic Mobility Shift Assays (EMSAs) 438
DNA-protein interactions were characterized by EMSAs. ER8 binding site was isolated 439 from Arabidopsis IAA19 promoter and ER8 variant sequences are given in 440 Supplemental Table 1 . IR0 and IR13 sequences were artificially designed with 441 TGTCGG consensus sites (Supplemental Table 1 ). EMSA DNA probes were prepared 442 from lyophilized oligonucleotides corresponding to the sense and antisense strands 443 
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